Purpose This anatomic, radiographic study investigated locational differences in the C2 pedicle and isthmus [pediculoisthmic component (PIC)] and characterized its narrowest section for clinical application in posterior C2 screw fixation. Methods Structures surrounding the transverse foramina of 30 dry C2s and 10 C3s were compared morphologically. Spinal CT scans of 32 Chinese adults were subjected to volume rendering and multiplanar reconstruction to identify the narrowest C2 PIC, and correlative parameters were measured and analyzed. Results Inferior C2 and C3 structures were morphologically similar. In superior view, the C2 superior facets lay on the transverse foramen and the upper portion between superior and inferior facets was flat (average mediolateral angle, 11.1°± 2.4°). In inferior view, the posteroinferomedial portion of the C2 transverse foramen displayed a partially tubular structure (average mediolateral angle of projection, 42.6°± 4.9°). Average height and width were 11.6 and 6.9 mm. The inner medullary cavity was elliptical and the middle site of endosteal diameter was 3.3 ± 1.9 mm.
Introduction
Occipitocervical and atlantoaxial instability are commonly caused by trauma, tumor presence, congenital malformation, or inflammatory diseases, and can be treated by reduction and stabilization of the occipitocervical junction to prevent neurologic damage and vessel compression. In recent years, techniques for short-segment fixation of occipitocervical and atlantoaxial instability have focused on the second cervical vertebra (C2) because of its biomechanical prominence [1] [2] [3] [4] . For example, Magerl and Seemann [3] first described the transarticular screw fixation technique in 1986, and Harms and Melcher [4] introduced the bilateral insertion of polyaxial-head screws into the lateral mass of the first cervical vertebra (C1) and the pedicle of the C2 for C1-C2 fixation. These techniques are technically demanding and pose risk of injury to the vertebral artery (VA), especially in cases of structural disfigurement [5] [6] [7] [8] [9] . Wright [10] introduced the use of bilateral laminar screws crossing the C2, which allowed for safer, rigid C2 fixation without VA injury. However, this technique depends on the integrity of the C2 lamina and thus cannot replace the transarticular screw or C2 pedicle screw techniques.
The existing literature has presented confusing definitions of the C2 pedicle and isthmus because the C2 is considered to be a transitional vertebra [11] . Different views of this anatomy will result in the collection of different data, which may have negative clinical effects. Thus, the anatomic location of the pediculoisthmic component (PIC) must be defined precisely. Furthermore, the narrowest portion of the C2 PIC and the characteristics of its internal structure remain unclear. In this study, the association between the C2 pedicle and isthmus was investigated by observation and comparison of vertebral specimens. The narrowest section of the C2 PIC was identified using computed tomography (CT) with multiplanar reconstruction, and the anatomic parameters of this section were measured through CT examination. The purpose of this study was to clarify the characteristics of the pedicle and isthmus structures to improve the safety and accuracy of posterior C2 screw fixation.
Materials and methods

Morphologic analysis
Thirty intact, dry C2 vertebrae and 10 intact, dry C3 vertebrae from Chinese adults were obtained for the external morphologic study. Observation was focused on the structures surrounding the transverse foramina in C2 and C3 specimens. The structures were compared morphologically between vertebrae, including the portions between the superior and inferior facets in the sagittal aspect, the portions between the superior facets and the dens/vertebral body in the coronal aspect, and the portions between the superior/inferior facets and dens/vertebral body in the horizontal aspect.
In an inferior view of the C2, the portion between the inferior facets/transverse foramen and the vertebral body was a partially tubiform structure. The axis of this structure was designated line A and contributed to angle a with the sagittal axis of the C2. Angle b was composed of the axis of the structure between the superior and inferior facets (line B) and the sagittal axis of the C2. Angles a and b were measured and compared with those of C3 (Fig. 1) . Determination and measurement of the narrowest section of the C2 on CT images Helical CT scans of 32 patients (24 men, 8 women; mean age, 51.2 ± 21.5 years; range 17-75 years) were collected for this study. All patients had undergone CT examinations (LightSpeed 16 Pro spiral CT; slice thickness, 1 mm; GE company) including visualization of the complete atlantoaxial segment for the investigation of head and neck trauma and carotid artery disease. Following a reconstruction interval of 0.3 mm, all files were reloaded in workstation AD 4.12, and volume rendering and multiplanar reconstruction were performed to identify the narrowest portion of the PIC.
Measurements were obtained as follows: first, the introversional central axis (line 1) of the PIC was drawn on each plain CT image (Fig. 2a) . Then, the introversional sagittal section was obtained along line 1 (Fig. 2b) and a central line (line 2) was drawn on this section (Fig. 2c) . By performing the software's ''undo scalpe'' operation in toolbar, the inferior-superior versional section was obtained along line 2, and line 3 was drawn vertically at the narrowest point of this inferior-superior versional section (Fig. 2d) . By performing the ''undo scalpe'' operation again, the vertical section of the oblique axial plane was obtained along line 3, and the vertical section was considered to be the narrowest portion of the C2 PIC ( Fig. 2e-h ).
The values of correlative items were measured with digital calipers on CT images with multiplanar reconstruction.
The parameters selected for the measurement of the narrowest vertical section are shown in Fig. 3 ; these include the heights of the narrowest section (AD) and medullary cavity (BC), thicknesses of the superior (AB) and inferior (CD) cortical bone, middle widths of the narrowest section (EH) and medullary cavity (FG), thicknesses of the middle lateral (EF) and media (GH) cortical bone, and the thickness of the superomedial cortical bone (IJ), which is of the same level as the superior margin of the transverse foramen. All parameters were measured by the same radiologist.
The parameters were analyzed with SAS software (ver. 6.12; SAS Institute, Cary, NC, USA). Statistical significance was set at P \ 0.05.
Results
Morphologic analysis
In a superior view of the C2, the superior facets lay on the transverse foramen. The upper portion between the superior and inferior facets was flat, with an average width of 7.5 ± 2.3 mm (range 3.5-12.7 mm). The average value of e, f The narrowest vertical section of the pediculoisthmic component was determined along line 3 after performing ''undo scalpe'' (large white arrows on two-dimensional and three-dimensional images). g, h The other two kinds of contour at the narrowest vertical section (large white arrows) Eur Spine J (2013) 22:39-45 41
angle b was 11.1°± 2.4°(range 7.0°-15.0°). In an inferior view of the C2, Portion posteroinferomedial to the transverse foramen displayed two kinds of shape: a partially tubular structure in 88.3 % of cases (53 sides), and a thin paries in 11.7 % of cases (7 sides; Fig. 4 ). There are Two C2 specimens displayed bilateral thin paries (Fig. 5) . The average width of the portion was 3.9 ± 1.4 mm (range 0.6-7.8 mm). The average value of angle a was 42.6°± 4.9°(range 32°-50.5°). Differences in angles a and b between the left and right sides were not statistically significant (P a = 0.3357, P b = 0.8686; Table 1 ). The average convergence angle in C3 specimens was 43.2°. The exterior appearance of the inferior C2 structure was more similar to the anatomy of the C3 than to that of the superior C2 structure; in other words, the structures surrounding the entrance to the C2 transverse foramen were more similar to those of the C3, and the partially tubiform structure of the inferior C2 was similar to the C3 pedicle.
Radiographic analysis
The typical morphology of the narrowest PIC section was a fishhook shape, regardless of the morphology of the cortical bone of the superior articular process. The internal morphology of the medullary cavity was mostly elliptical (Figs. 2, 3, 4) . The medial cortical bone was significantly thicker than the lateral, and the inferior cortical bone was significantly thicker than the superior (both P \ 0.01).
Among the 64 examples of the narrowest PIC section in the sample, two cases were statistically rejected because the narrowest section looked like trips without a medullary cavity (Fig. 2h) . Differences in parameters between the left and right sides were not significant (P [ 0.05), except the thickness of superomedial cortical bone (P IJ = 0.027). The average height (AD) and width (EH) of the narrowest section were 11.6 and 6.9 mm, respectively, and the central endosteal diameter was 3.3 ± 1.9 mm. The middle medial cortical bone (GH) was significantly thicker than the lateral (EF) cortical bone (P \ 0.01) and significantly thinner than the superomedial cortical bone (IJ; P \ 0.01). The superior cortical bone (AB) was significantly thinner than the inferior cortical bone (CD; P \ 0.01; Table 2 ).
Discussion
A typical pedicle connects the vertebral body with the posterior elements. The isthmus (pars interarticularis), located between the superior and inferior articular processes, is the narrowest portion of the neural arch. In a typical subaxial vertebra, the transverse foramen is adjacent to the lateral side of the vertebral body and the anterior and posterior tubercles of the transverse process are lateral to the transverse foramen. The anterior tubercle evolved from a rib structure, whereas the posterior tubercle is the real transverse process. The superior and inferior articular processes blend with the lamina. Thus, no clinical term describes the isthmus in subaxial vertebrae.
As a transitional vertebra, the C2 has a unique structure. Most orthopedic and neurosurgical literature has presented confusing definitions of the C2 pedicle and isthmus. Although the terms are used frequently and interchangeably, the pars and pedicle of the C2 are two distinct structures [11] . Because different views of this anatomy will yield different research data, the anatomic locations of these structures must be defined precisely. Borne et al. [12] defined the C2 pedicle as the narrower portion joining the vertebral body/odontoid base complex to the superior articular process and the isthmus as the portion located between the superior and inferior facets. In contrast, Yarbrough et al. [13] referred to the portion between the superior and inferior facets as the pedicle, Ebraheim et al. [14] Fig. 4 The narrowest section of the PIC in a dry C2 specimen defined the pedicle as the portion beneath the superior facet and anteromedial to the transverse foramen, and Naderi et al. [15] used the term pedicle to refer to the structure beneath the isthmus connecting the mass lateral to the inferior facet with the vertebral body. Like Borne et al. [12] , Ebraheim et al. [14] defined the isthmus as the narrower portion between the superior and inferior facets and Naderi et al. [15] reported that the isthmus was located between the superior and inferior articular processes. Naderi et al. [15] suggested the use of the term PIC to refer to the C2 isthmus and pedicle.
The results of the present study support the terminology used by Naderi et al. [15] . We disagree with the definition of the C2 isthmus as the portion between the superior and inferior facets. The inferior structure of the C2 was very similar to that of the C3, and the mean axial angle (a, 42.6°) approached those observed in the lower cervical vertebrae [16] [17] [18] [19] . The superior structure of the C2 differed markedly from that of the C3; the mean angle b was 11.1°a nd the superior facets blend with the anterior vertebral body in the C2. Assuming that the superior facets of the C3 were dragged to the site of the uncinate process on the same side, similar structures would be present around the transverse foramina of the C2 and C3 (Fig. 6) . We believe that the superior facets of the C2 moved to a similar site as the C3 uncinate process to match the position of the C1 inferior facets during evolution. This process stretched the upper portion between the superior and inferior facets into a flat structure, which should be called the C2 isthmus or pars interarticularis. The isthmus drapes over the C2 pedicle, which can be seen on the inferior aspect of the vertebra. The pedicle is a partially tubular structure beneath the superior facet and isthmus and posteromedial to the transverse foramen. Therefore, all the portions between the superior and inferior facets should be defined as the PIC.
In this study, we found that the narrowest section of the PIC consisted of the superior facet, not the portion between the superior and inferior facets. Thus, the narrowest section of the PIC should be the narrowest site on the C2 pedicle. Based on these results, we think that the entry point for screw fixation is located in the craniomedial quadrant of the dorsal part of the C2 inferior facet and the trace pass through the axis of the isthmus and toward the undersurface of the superior facet (Harms technique). We call this the ''C2 isthmic screw technique.'' In another method, which we call the ''C2 pedicle screw technique'' or ''C2 PIC screw technique,'' the screw entry point is located at the intersection between the central vertical line and the cranial surface of the C2 inferior facet, and the exit point is located at the intersection between the odontoid part and the undersurface of the superior facet.
Not all pedicles in our sample had a partially tubular structure; a minority (11.7 %) displayed thin paries due to anatomic variation or the presence of a large transverse foramen grooved by the VA. Given this unique anatomy, the placement of a transarticular or pedicle screw risks damage to the VA. Therefore, preoperative CT planning is mandatory to determine the C2 pedicle anatomy in each patient and design an appropriate screw trajectory [11, 20] .
Because of the inferior-superior angle of the PIC, visualization of the narrowest section of the C2 pedicle is difficult on standard CT scans. In this study we measured the narrowest section, which is perpendicular to the PIC axis, using CT with multiplanar reconstruction. We found that the medial cortical bone (GH) was significantly thicker than the lateral cortical bone (EF), but thinner than the superomedial cortical bone. The thin lateral cortical bone could easily be breached during C2 pedicle or transarticular screw placement without any free-hand feeling, even for experienced surgeons (Fig. 4) . Manual palpation is thus very important during pedicle screw placement. Sciubba et al. [21] reported 15 (15 %) breaches among 100 consecutive free-hand screw placements, 12 (80 %) of which were lateral. Alosh et al. [20] reported the detection of 43 (25.3 %) breaches on postoperative CT scans of 93 patients in which a total of 170 C2 pedicle screws were placed. A pedicle diameter \6 mm was associated with a nearly twofold increase in the risk of cortical breach. In the present study, the average height and width of the narrowest section were 11.6 and 6.9 mm, and the thicknesses of the inferior and superior cortical bone were 3.2 and 2.7 mm. Thus, pedicle screw placement at an inferior-superior angle provides more space and a larger range of safe trajectory than placement at a lateral-medial angle. We plant to investigate the safe range of this angle in a subsequent study.
Given the potential for a ''high-riding'' VA or an anomalous VA course, posterior atlantoaxial transarticular and pedicle screw fixation risk VA injury [9] . Reported rates of VA injury range from 2 to 5 % [7, 22] . Studies have documented that 10-23 % of patients may not be suitable candidates for atlantoaxial transarticular or pedicle screw fixation on at least one side [23] [24] [25] . In the present study of dry specimens, 11.7 % of C2 pedicles were unsuitable for pedicle screw placement.
Misenhimer et al. [26] reported that plastic deformation of the pedicle preceded pedicle fracture or cutout when the screw thread diameter was larger than the endosteal diameter or within 80 % of the outer cortical diameter. In our study, the central endosteal and outer cortical diameters of the narrowest section were 3.3 ± 1.9 and 6.9 ± 2.2 mm, respectively. Thus, the use of a 3.5-mm screw is optimal in the C2 pedicle. Diameters of 3, 4, or 4.5 mm may be considered, but their use must depend on preoperative three-dimensional evaluation [11] . Fig. 6 The superior articular process of the C3 was assumed to be drawn to the location of the vertebral process (a), in which case similar structures would be seen around the transverse foramina of the C3 (b) and C2 (c)
Conclusions
The PIC is the C2 structure between the superior and inferior articular processes; the superior flat aspect is the isthmus, which drapes over the pedicle. The pedicle is a partially tubular structure projecting posteromedially to the transverse foramen. The narrowest section of the PIC is the narrowest point on the C2 pedicle. Given the thin lateral cortical bone at this point, more medial and superior placement of pediculoisthmic screws is recommended, and preoperative CT reconstruction is mandatory to determine each patient's C2 pedicle anatomy and design an appropriate screw trajectory.
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